Objectives: To derive and validate a score that correlates with an objective measurement of a child's effort of breathing. Design: Secondary analysis of a previously conducted observational study. Setting: The pediatric and cardiothoracic ICUs of a quaternarycare children's hospital. Patients: Patients more than 37 weeks gestational age to age 18 years who were undergoing extubation. Interventions: Effort of breathing was measured in patients following extubation using esophageal manometry to calculate pressure rate product. Simultaneously, members of a multidisciplinary team (nurse, physician, and respiratory therapist) assessed respiratory function using a previously validated tool. Elements of the tool that were significantly associated with pressure rate product in univariate analysis were identified and included in a multivariate model. An Effort of Breathing score was derived from the results of the model using data from half of the subjects (derivation cohort) and then validated using data from the remaining subjects (validation cohort) by calculating the area under the receiver operator characteristic curve for pressure rate product greater than 90th percentile and for the need for reintubation.
R espiratory illnesses such as asthma, bronchiolitis, and pneumonia are the most common indication for children to require hospitalization in the United States (1) . The clinician's assessment of a child's effort of breathing (EOB) is important to guide provision of pharmacologic agents and intensification of respiratory support (2) (3) (4) . EOB is also a component of several pediatric respiratory scores used for both clinical care and research (5) . Objective measurements of EOB have been reported in studies of critically ill children but may be limited for routine clinical care by invasiveness, cost, requisite technical expertise, and necessary equipment (6) (7) (8) (9) . Instead, clinicians use assessments of EOB that may be limited by inherent subjectivity (e.g., degree of retractions) and poor specificity (e.g., tachypnea secondary to metabolic acidosis and not primary respiratory pathology) (10) (11) (12) . It is unknown if clinical assessments correlate with objective measures of EOB in critically ill children.
Pressure rate product (PRP) is an objective measure of EOB that has been reported in critically ill children (7, 9) . It is the mathematical product of a patient's respiratory rate and the change in esophageal pressure during the respiratory cycle (9) . Our group and others have shown that PRP is increased in children who subsequently require mechanical ventilation (MV) (13) and decreases with initiation and titration of highflow nasal cannula flow rate in children with bronchiolitis (7) . In a prior study, 409 children prospectively underwent simultaneous measurement of PRP and clinical assessment of EOB by a multidisciplinary team of PICU physicians, nurses, and respiratory therapists (9, 14) . The clinical assessment of EOB was done with a scoring tool with established interrater reliability (14) but limited associations with the need for subsequent therapeutic interventions (13) . We hypothesized that these existing data could be used to evaluate for associations between clinical assessments and objective measures of EOB and to modify the original clinical assessment tool to be more strongly associated with EOB and subsequent therapeutic interventions. The purposes of this secondary analysis of those data were 1) to evaluate if clinical assessments correlate with an objective measure of EOB and 2) to develop a novel weighted score using the clinical assessments to predict EOB and subsequent therapeutic interventions.
MATERIALS AND METHODS
This is a secondary analysis of prospectively collected data, and detailed methods have been previously reported (9) . Briefly, with approval of the Institutional Review Board, patients in the PICU and cardiothoracic ICU at Children's Hospital of Los Angeles undergoing planned extubation between July 2012 and April 2015 were screened. Extubation readiness was determined by the clinical team, typically based on clinical variables during a 2-hour spontaneous breathing trial performed on conntinuous positive airway pressure (CPAP) of 5 cm H 2 O without pressure support. After parental consent, we included children more than 37 weeks gestation and younger than 18 years who did not have a contraindication to placement of an esophageal catheter. Data collected included demographics, the primary reason for MV, respiratory variables before and after extubation, and reintubation or noninvasive ventilation (NIV) in the 48 hours following extubation.
Study Protocol
An age appropriate esophageal balloon catheter was placed prior to extubation and position verified by pressure deflections during endotracheal tube occlusion or by chest radiography. At two time points after extubation (5 and 60 min), subjects underwent simultaneous measurement of PRP and clinical assessment using a previously described tool (14) . Clinical assessments were performed by at least three bedside clinicians from different disciplines (physician, nurse, and respiratory therapist), at least one of whom had previously undergone a training course on the assessment tool ("core trained"). Other providers were not trained. Elements of the tool were air entry (scored as normal, decreased, severely decreased), level of consciousness (depressed or normal), pulsus paradoxus (assessed qualitatively by inspecting the pulse oximeter waveform [and arterial catheter waveform, when present] and palpating the brachial or radial pulse; scored as absent or present), retractions (none, mild, moderate, or severe), and stridor (none, with agitation, at rest). Decreased air entry and severely decreased air entry were combined into one group. Stridor with agitation was termed "mild," and stridor at rest was termed "severe." In general, the assessors were the bedside clinicians caring for the child, although some assessments were done by study personnel not involved in clinical care. All clinicians and nonclinical assessors were blinded to each other's assessments and the PRP measurement.
Analysis and Outcomes
Data obtained at both time points were combined, and univariate associations between PRP and each tier of each element of the scoring tool (e.g., no stridor, mild stridor or severe stridor) were tested using either Wilcoxon rank-sum (two tiers) or Kruskal-Wallis with Dunn's test (≥ 3 tiers). To derive and validate the EOB score, data obtained at the 5-minute assessment were used. The subjects were randomly divided 1:1 into a derivation cohort and a validation cohort. PRP measurements were transformed (natural log) to improve skewness and kurtosis (15) , and a multivariate linear regression model was created with PRP as the dependent variable. Independent variables were included in the model if they were significantly associated with PRP (p < 0.05) in the initial univariate analysis. Variables significantly associated with PRP in the multivariate model were then included in the EOB score, and the coefficients (β) were used to determine the number of "points" each finding contributed to the score.
The predictive ability of the score was assessed by calculating the area under the receiver operator characteristic curve (ROC AUC). Physiologic outcomes were PRP greater than 50th percentile, PRP greater than 75th percentile, and PRP greater than 90th percentile and were assessed for the derivation and validation cohorts separately. Data from both groups were combined to measure ROC AUC for the clinical outcomes of reintubation and postextubation respiratory failure (defined as use of either MV or NIV for ≥ 48 hr following extubation). Patients who were on NIV for less than 48 hours after extubation were treated as not having received NIV. NIV could include high-flow nasal cannula, nasal CPAP, or intermittent mandatory ventilation or oronasal CPAP or bi-level positive airway pressure.
"Summated scores" were created by adding together the scores simultaneously obtained by one physician, one nurse, and one respiratory therapist. Because there were situations when more than three clinicians performed the assessment, we created two separate summated scores. The "Summated Score (most experienced)" used scores from the most experienced provider for each discipline that had more than one assessor. A separate "Summated Score (least experienced)" was created using scores from the least experienced provider from each discipline. ROC AUC was calculated for clinical outcomes for each of the Summated Scores. The median PRP values for each Summated Score (most experienced) were compared with Kruskal-Wallis with Dunn's test. Associations between Summated Score (most experienced) and clinical outcomes were analyzed with chi-square.
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Intraclass correlation coefficients (ICC) were calculated using an one-way random effects model to assess agreement of scores measured by different providers. In general, ICC less than 0.5 is considered poor, between 0.5 and 0.75 is considered moderate, between 0.75 and 0.9 is considered good, and greater than 0.9 is considered excellent (16) . All analyses were performed with SigmaPlot v12.5 (Systat Software, San Jose, CA) or Stata v15 (StataCorp, College Station, TX; ICC calculation only). Data shown as n (%) or median (interquartile range) unless otherwise specified and alpha was set at 0.05.
RESULTS
There were 409 children who were included in this analysis. As shown in Table 1 , most were male (58.7%), the median age was 5 months (1-16 mo), and nearly half were cardiac surgery patients (49.1%). In 92 cases, the clinical team decided a priori to initiate NIV immediately after extubation. Reintubation was performed in 34 children (8.3%) and an additional 38 children (10.3%) required NIV for greater than or equal to 48 hours after extubation, including 19 subjects who had been extubated directly to NIV. A total of 1,614 measurements using the original assessment tool were performed at 5 minutes after extubation, and 1,517 assessments were performed at 60 minutes after extubation.
As shown in Figure 1 , PRP was significantly associated with decreased air entry, pulsus paradoxus, retractions, and stridor (eTable 1, Supplemental Digital Content 1, http:// links.lww.com/PCC/A792). Results were similar regardless of core training or professional discipline (eTables 2 and 3, Supplemental Digital Content 1, http://links.lww.com/PCC/ A792). Those four elements of the clinical assessment were included in the multivariate linear regression model for subjects randomly selected to be in the derivation cohort. In that model, pulsus paradoxus (β = 0.191; p = 0.001), mild stridor (β = 0.215; p = 0.002), severe stridor (β = 0.446; p < 0.001), mild retractions (β = 0.332; p < 0.001), moderate retractions (β = 0.773; p < 0.001), and severe retractions (β = 1.218; p < 0.001) were significantly associated with PRP, but decreased air entry (β = 0.096; p = 0.053) was not.
Three scoring systems were created using the variables that were significantly associated with PRP in the linear regression model ( Table 2) . The "Raw Score" included all variables that were significant in the model, and the points allotted for each variable were the actual β coefficient values calculated in the model. A "Simple Score" was created using the same variables, but the points were allotted in whole numbers chosen to preserve the approximate relative weight of each variable. A "Retractions Only Score" used the same points system as the Simple Score, but severity of retractions was the only variable included. For both the derivation cohort and the validation cohort, the ROC AUC for all three scores for elevated PRP ranged from ≈0.7 for PRP greater than 50th percentile to ≈0.8 for PRP greater than 90th percentile (Table 2) .
When the 1,614 assessments performed by an individual clinician at the 5-minute time point were analyzed separately, the ROC AUC for reintubation was ≈0.72 for all three scores ( Table 3 ). The ROC AUC for postextubation respiratory failure (reintubation or NIV for ≥ 48 hr) was modestly lower for each score. For the 403 children who were assessed by at least one provider from each of the three disciplines at the 5-minute time point, the ROC AUC for both outcomes were ≈0.76 for both of the Summated Scores (Table 3) . Higher values of the Summated Score (most experienced) were associated with increased PRP (Fig. 2, A and B) and more frequent usage of additional respiratory support (Fig. 2, C and D) .
The agreement of each of the three scoring systems between providers is shown in eTable 4 (Supplemental Digital Content 1, http://links.lww.com/PCC/A792). For all three scoring systems, ICC-Individual was ≈0.55 and ICC-Average was ≈0.80 (p < 0.001 between the types of ICC for all three scoring systems). ROC AUC values were also calculated for each type of provider for both the Simple Score and the Retractions Only Score, and no consistent differences were observed between provider groups ( Table 4 ; and eTable 5, Supplemental Digital Content 1, http://links.lww.com/PCC/A792).
DISCUSSION
In this secondary analysis of prospectively collected data in critically ill children, we found that critical care clinicians' assessments of decreased air entry, pulsus paradoxus, retractions, and stridor were significantly associated with invasively measured EOB. Using separate subgroups, scoring systems to predict EOB were both derived and validated and found to have fair to good accuracy (17) for predicting increased EOB and the need for subsequent intensification of respiratory support. Although we found variability in any individual provider's assessments of the score against other individuals (ICC ≈0.55), the scoring systems appear to have good validity when used by a team of three clinicians. In total, these findings support that clinicians' assessments are good surrogates for objective measures of EOB, especially when assessments are team based. We aimed to evaluate if clinical assessments correlate with an objective measure of EOB. Clinician assessments of EOB have been previously shown to correlate with reduced forced expiratory volume in 1 second (FEV 1 ) and oxygen saturation in children with asthma (18, 19) . Clinician-assessed EOB is also a component of pediatric asthma severity scores that have been shown to correlate with FEV 1 , hypoxia, and hypercarbia (20, 21) . In adult patients, clinician assessment of EOB strongly correlates with patients' self-report of dyspnea and also with hypoxia and the need for subsequent MV (11, 12, 22) . However, we are unaware of prior reports that show that clinical assessments of critically ill children correlate with increased objective measures of EOB. Our group has previously shown that an increased objective measure of EOB, specifically a PRP greater than 500, is associated with an increased need for reintubation (13) . Coincidentally, the 75th percentile of PRP in this analysis was 500, and we found that all three derived scoring systems performed acceptably (ROC AUC, 0.71-0.78) for predicting this PRP (23) .
Assessments in this study were done by a multidisciplinary team with providers from three different professions. Our data do not support that a clinician's discipline or prior training with the assessment tool systematically influences ability to assess EOB or predict the need for subsequent respiratory support. We found that, in aggregate, clinical assessments are associated with PRP regardless of discipline or prior training, and no provider type had consistently better predictive ability based on the calculated ROC AUC values. For example, nurses had the highest predictive ability for PRP greater than 50th percentile, but the lowest for PRP greater than 90th percentile. It is not certain if findings would be similar if non-ICU clinicians had been included, and our findings may be best applied by clinicians with experience assessing critically ill children. The lack of an observed effect of our training suggests that our training methods were ineffective or that clinicians have sufficient experience in respiratory assessments to render additional training superfluous.
Our data support a team-based approach to assessing EOB in a critically ill child as team-based scores had superior predictive ability and reliability. The ROC AUC values for subsequent respiratory support were consistently higher with the Summated Scores compared with the individual scores, regardless of whether the most experienced or least experienced providers were considered. Based on the calculated ICC values, the reliability of the scoring systems was moderate among individual providers. This implies that if the score is evaluated by two providers, agreement between those two providers on the actual score was only moderate. However, when looking at all three providers and the average score amongst those providers, the validity of the scoring system was generally in the good range (16) . These findings support that simultaneous evaluation by multiple providers may provide maximal ability to assess EOB and predict need for further respiratory support.
Summated Simple Scores totaling between 1 and 7 had generally similar findings in regards to median PRP and the need for subsequent MV or NIV. Scores greater than 7, and especially scores greater than 11, were indicative of substantially higher PRP and frequent use of advanced respiratory support. Scores of those magnitudes require at least one clinician to give a maximum score of 8 points or, more likely, at least two clinicians to assess the child to have moderate-severe symptoms. Similarly, a Retractions Only Score greater than 5 was associated with increased PRP and frequent use of NIV or MV and requires either one maximum score or two moderate scores. Simply, if any two clinicians out of a team of three assess a child to have at least moderate respiratory pathology-or if one clinician Retractions-severe 1.218 5 5
Stridor believes the child has maximally severe symptoms-that child would be likely to have elevated PRP and may be at increased risk of needing higher levels of respiratory support. Strengths of this study include that the data were collected prospectively; assessors were blinded to each other and to PRP measurement; a large cohort with a wide range of measured PRP, including a substantial fraction (~25%) with a PRP suggesting severe respiratory distress and increased risk of intubation; a similar reintubation rate compared with multicenter studies (24, 25) ; and the similar findings regardless of cohort (derivation vs validation) or the discipline, experience, or core training of the clinician. We also developed three scores, each with relative strengths. Although the Raw Score had the best accuracy for predicting both increased PRP and subsequent respiratory failure, the Simple Score may be the most appropriate for clinical use given the relative ease of using whole numbers and the similar ROC AUC values. Performance of the Retractions Only Score was less strong, although this score may be considered in situations where patients are not at risk of having upper airway obstruction or when pulsus paradoxus is difficult to assess due to lack of expertise or invasive blood pressure monitoring.
There are also several limitations. First, all data were collected from a single center and exclusively in an ICU, and clinicians in other settings may differ in their clinical assessment skills, especially in detection of pulsus paradoxus. Second, this is a secondary analysis, and other variables that may have predictive value in an EOB score were not collected in the original study, including heart rate, blood pressure, agitation, and nasal flaring. Third, agreement between providers at this institution for assessing the variables in the tool is generally fair to moderate (14, 26, 27) . Prior studies have shown pediatric clinicians have moderate (28, 29) to substantial (30) agreement in the assessment of retractions (27) . External validation of this scoring system and further assessment of interrater agreement is needed, especially in non-ICU patients, older children, noncardiac surgery patients, and those with new-onset respiratory illness. Fourth, the association between an assessment-based score and subsequent MV or NIV may have been self-fulfilling, and the fact that many of the assessors were also clinicians involved in the decision to initiate advanced respiratory support may have biased our results and may hinder interpretation of that observed association. However, the assessors were blinded to PRP readings, so the associations between our scores and elevated PRP were not at similar risk of bias and support the validity of our scoring systems. Nevertheless, a follow-up study that includes appropriate blinding is needed to confirm our findings. Fifth, like all observational studies, it is possible that study methods like measuring PRP and using the scoring tool influenced behavior (i.e., the Hawthorne effect), although it is not possible to know if such an influence would have been toward more aggressive therapies or toward more conservative ones. Sixth, we used a conservative definition for NIV that required greater than 48 hours of usage. This was chosen in part because some providers decide a priori to use NIV immediately following extubation based on perceived risks, often for short courses, therefore limiting its utility as a marker of severe respiratory insufficiency unless a conservative definition is used. Finally, we used a systematic but qualitative definition for pulsus paradoxus, which may have limited the reliability of this finding.
CONCLUSIONS
In conclusion, in this secondary analysis of prospective data, we showed that clinical assessments are associated with objectively measured EOB, supporting the use of clinical assessments of EOB for both clinical and research purposes. The scoring system that was derived and validated performed acceptably to predict increased EOB or need for advanced respiratory support and may function best with a team of clinicians regardless of providers' experience level. Further work is needed to assess non-ICU clinicians, confirm our findings at other centers, and evaluate additional factors that may strengthen the performance of the EOB score.
